Moments of the hadronic invariant mass and of the lepton energy spectra in semileptonic B decays have been determined with the data recorded by the DELPHI detector at LEP. From measurements of the inclusive b-hadron semileptonic decays, and imposing constraints from other measurements on band c-quark masses, the first three moments of the lepton energy distribution and of the hadronic mass distribution, have been used to determine parameters which enter into the extraction of |V cb | from the measurement of the inclusive b-hadron semileptonic decay width. The values obtained in the kinetic scheme are: |V cb | = 0.0421 × (1 ± 0.014 meas. ± 0.014 f it ± 0.015 th. ) .
Introduction
Several years ago it was proposed to obtain an accurate value of |V cb | by comparing the measurement of the inclusive semileptonic decay partial width in the process b → cℓ − ν ℓ , with the corresponding theoretical expression, obtained using the Operator Product Expansion (OPE) formalism, applied in the heavy quark mass limit [1] . A recent appraisal of the limitations of this approach can be found in [2] from which the following expression, for the semileptonic decay width, has been taken: D (1 GeV) − 0.1 GeV 3 [8] . The consistency of the bounds set by moments of different distributions, and with other data, tests the underlying theory assumptions.
It can be noted that the approach used here does not rely on the validity of an expansion in 1/m c , as already advocated in [7] . The value of the charm quark mass, entering into the expression of moments, is taken as a parameter whose value has also been fitted using data.
Measurements of moments have been reported by the CLEO [9] [10] [11] , BaBar [12] [13] [14] and BELLE [15, 16] Collaborations operating at the Υ(4S) resonance, and by DELPHI using preliminary data taken at the Z pole energy [7] . Results have also been recently published by CDF [17] .
While there is an obvious advantage in measuring the energy spectra in events where the decaying B rest frame almost coincides with the laboratory frame, low energy particles cannot be identified there. It is thus necessary to rely on models for extrapolating the lepton energy spectrum to zero energy or to resort to computations for a truncated spectrum. Performing this analysis at energies around the Z peak ensures sensitivity to almost the full lepton spectrum, thus reducing modelling assumptions. The main challenge at the higher energy is, for the lepton energy moments analysis, the accurate determination of the B rest frame.
This paper presents the results obtained from analyses of the data recorded with the DELPHI detector at LEP on moments of the hadronic mass and charged lepton energy distributions. The analysis procedures are discussed in Sections 4 and 5. In Section 6 these results are then used as inputs of a multi-parameter fit to determine the relevant corrections contributing at O(1/m 2 b ) and O(1/m 3 b ), together with the heavy quark masses. The use of higher moments guarantees a sensitivity to these parameters and the simultaneous use of the hadronic and leptonic spectra ensures that a larger number of parameters can be kept free in the fit. We discuss the results both in terms of the extraction of the parameters and the implications for |V cb |, and as a consistency check of the underlying theoretical assumptions.
In addition, production and decay properties of broad D * * states have been studied. They are reported in Section 3. D * * refers, in the present analysis, to all hadronic systems of mass higher than the D * . b-meson semileptonic decays with charmed hadrons emitted in the final state correspond to B → D, D * , D * * ℓ − ν ℓ transitions. D * * states are about 30% of b-hadron semileptonic decays [18, 19] [20] . The two states (D * 2 and D 1 ) which, because of angular momentum and parity conservation, have to decay into a D wave are expected to be narrow and their measured widths are of the order of 20 MeV/c 2 [21] . The contribution from these narrow resonances has been measured [19, 22] and it amounts to about one third of all D * * states. Non-resonant or broad resonant states are thus expected to have a dominant contribution in b-hadron semileptonic decays. In addition to L=1 mesons, there could be states corresponding to higher angular momentum values or to radial excitations. All such states are expected to be broad [23] . Contributions from non-resonant Dπ or D * π final states have been evaluated in [24] and this model has been considered in the present analysis.
In a previous DELPHI publication [25] , production fractions of D * * states in b-hadron semileptonic decays have been measured. The main focus of the present analysis is on the mass distribution of these states. This was made possible by improving the separation between signal and background events with respect to the previous analysis.
Data analysis
This study is based on b-hadron semileptonic decays recorded with the DELPHI detector at LEP from 1992 to 1995. Since the determination of the moments of the hadronic mass and charged lepton energy distributions have different requirements, two analyses have been performed. The first focuses on the exclusive reconstruction of D * * states. For the second analysis a lepton sample with low background is required. This section presents those parts of the data selection and event reconstruction procedure which are common to both analyses.
Hadronic event selection and simulation
In order to select hadronic Z decays, standard hadronic selection cuts have been applied. Each event has been divided into two opposite hemispheres by a plane orthogonal to the thrust axis. The polar angle 1 of the thrust axis of the event had to satisfy the requirement |cos θ| < 0.95. Charged and neutral particles have been clustered into jets using the LUCLUS [26] algorithm with the resolution parameter d join = 5 GeV/c. About 3.4 million events have been selected from the LEP1 data sets.
The JETSET 7.3 Parton Shower [26] program has been used to generate hadronic Z decays, which were passed through the detailed detector simulation DELSIM [27] and processed by the same analysis chain as the data. A sample of about nine million Z →events has been used. To increase the simulation statistics, an additional sample of about 3.6 million Z → bb events, equivalent to about 17 million hadronic Z decays, has also been used. Statistics of the analysed hadronic samples are given in Table 1 Z → bb events have been selected using an event b-tagging technique [28] based on the reconstructed impact parameters of particle tracks.
Events for the exclusive analysis have been selected by requiring the presence of one tagged lepton candidate with momentum p > 2 GeV/c and of a D 0 , D + or D * + candidate 2 in the same event hemisphere. In order to measure moments of the lepton energy distribution in inclusive b → X c ℓν ℓ decays, events have been required to contain one tagged lepton candidate with momentum p > 2.5 GeV/c (for muons) or p > 3 GeV/c (for electrons).
Muon identification
Muons have been identified based on the response of the Muon Chambers. Details can be found in [27] .
For the inclusive lepton analysis muon candidates have been accepted if they fulfilled the "standard" selection criteria, their momenta in the lab frame exceeded 2.5 GeV/c and were contained within the polar angle intervals: | cos θ µ | < 0.62 or 0.68 < | cos θ µ | < 0.94, defining the barrel and the forward regions. The muon identification efficiency has been measured with Z → µ + µ − events, in the decays τ → µν τ ν µ and in two-photon γγ → µ + µ − events. A mean efficiency within the acceptance region of 0.82±0.01 has been found, with little dependence on the muon momentum and on the track polar angle. This agrees with simulation, both in absolute value and in the momentum dependence, within a precision of 2%.
The probability for a hadron to fake a muon has been estimated on anti-b tagged events. After subtracting the expected remaining muon content in this sample, the misidentification probability for hadrons has been found to be (0.52 ± 0.03)% in the barrel and (0.36 ± 0.06)% in the forward regions, respectively. Applying the same procedure to simulation events gave however values lower by factors of 2.03 ± 0.12 in the barrel and of 1.22 ± 0.20 in the forward regions respectively. The simulation predictions have therefore been corrected for these factors.
In the exclusive D * * analysis, muon candidates have been accepted if they fulfilled the "loose" selection criteria and their momenta exceeded 2 GeV/c. The corresponding efficiency is ∼ 80% and the hadron misidentification probability is ∼ 1%. With this selection, the correction factors to be applied to simulated events in which the candidate lepton is a misidentified hadron have been found to be 1.44 ± 0.05 (1.61 ± 0.05) in 1992-93 (1994-95) data samples
Electron identification
Electron candidates have been tagged within the range 0.03 < | cos θ e | < 0.72 in polar angle, based on the combination of the response of the HPC, the specific ionization dE/dx in the TPC and the RICH Cherenkov detector [27] . A momentum dependent cut applied on the neural net output variable, which provides a constant efficiency over the full momentum range, has been applied.
For the inclusive lepton analysis, electron candidates have been selected with a selection cut corresponding to 65% efficiency and requiring momenta greater than 3 GeV/c. The probability for a hadron to fake an electron is about 0.4%. The electron identification efficiency has been measured from data by means of a sample of isolated electrons extracted from selected Compton events and one of electrons originating from photon conversions in the detector. The ratio between the efficiencies measured in data and simulated events has been parametrized as a function of the transverse momentum and polar angle of the particle track. Results are summarised in Table 2 . A corresponding correction factor has been applied to simulatedevents.
The probability for mis-tagging a hadron as an electron has also been measured using data, by selecting an anti b-tagged background sample, as for the muons.
Electrons from photon conversions, mainly produced in the outer ID wall and in the inner TPC frame, have been rejected by removing electron candidates originating at a secondary vertex and carrying little transverse momentum relative to the direction defined from the primary to the secondary vertex. The ratio of the measured misidentification probability in data to that in simulated events is given in Table 2 .
In the exclusive D * * analysis, electron candidates have been selected with 75% efficiency and requiring momenta greater than 2 GeV/c. The probability for a hadron to fake an electron is about 1%. Correction factors applied to simulated events are also given in Table 2 .
Hadronic decay reconstruction
The reconstruction of D 0 and D * + candidates, in which the D 0 decays into
, is explained in detail in [29] . The reconstruction of the D + → K − π + π + decay is based on a similar approach. For all decay channels, the main steps of the analysis consist of:
• reconstructing a D decay vertex from its charged decay products; • selecting a mass window centred on the nominal D mass;
• reconstructing a B decay vertex using the D trajectory and a charged lepton;
• requiring a minimum distance between the B decay vertex and the main vertex and also between the B and the D decay vertices; • imposing a minimum momentum on the D (6 GeV/c) and on the D-ℓ (10 GeV/c) candidates; • requiring a D-ℓ mass between 2.5 and 5.5 GeV/c 2 .
3 D * * production in b-hadron semileptonic decays Events have been selected by reconstructing a lepton, a D ( * ) and a charged pion whose trajectories are compatible with the hypothesis that they originate from a common secondary vertex. D * * decays considered in the present analysis involve always at least one charged particle track 4 emitted at the b-decay vertex, in addition to the exclusively reconstructed D ( * ) meson. The π * * momentum has been required to be higher than 0.5 GeV/c and the track must be associated to at least one measurement in the Vertex Detector.
The overall efficiencies for selecting signal events (see Table 3 
Signal separation from background sources
When considering D ( * ) π ± combinations, the main sources of background can be divided into two categories depending on whether they correspond or not to a real reconstructed D ( * ) meson. The latter is the combinatorial background situated under the charm mass signal. Background events with a real D ( * ) can originate from the following sources:
• the π * * candidate is not produced at the b-decay vertex but comes from the beam interaction point (primary pion background);
• the lepton originates from the weak decay of another charm particle emitted in the b-decay (cascade background); • the lepton originates from a τ decay (tau background);
• the candidate lepton is a misidentified hadron or a converted photon (fake lepton background); • the reconstructed charm meson originates from a cc event (charm background).
A variable, used to isolate the signal from these backgrounds, has been defined from the probability distributions of several discriminant observables, whose shapes have been obtained from the simulation and also directly from data, as in the case of the combinatorial background. The following observables have been used:
• the lifetime-signed impact parameters of the π * * relative to the main vertex of the event, in Rφ and z projections, normalised to their uncertainty;
• the normalised and lifetime-signed impact parameters of the π * * relative to the secondary vertex, in Rφ and z projections;
• the normalised and lifetime-signed decay distance between the primary and the secondary vertices; • the cosine of the decay angle defined as the angle of the π * * direction, boosted to the b-hadron rest frame, relative to the B direction. This variable is uniformly distributed for the signal whereas it is peaked at negative values for backgrounds;
• the χ 2 probability for the secondary vertex, which should be uniformly distributed for the signal and peaked at small values for the main sources of background;
• the two variables, d ± , which depend on the presence of additional charged particles at the secondary vertex. They are defined in the following way:
-all charged particles, other than the D * * decay products and the lepton, emitted in the same event hemisphere as the b-candidate, with momentum larger than 500 MeV/c, which form a mass with the D ( * ) π * * ℓ − system lower than 6 GeV/c 2 and which have values for their impact parameters relative to the b-decay vertex smaller than 2 and 1.5 σ in Rφ and z respectively, are considered; -selected particles, having the same (+) or the opposite (−) charge as the lepton are considered separately. If there are several candidates in a class, the one with the largest impact parameter to the main vertex is retained and the quantity:
is evaluated, where ǫ and nsig are, respectively, the sign and the number of standard deviations of the track impact parameter relative to the main vertex 5 . The sign of the impact parameter is taken to be positive (negative) if the corresponding track trajectory intercepts the line of the jet axis from the main vertex downstream (upstream) from that vertex.
As the track impact parameters can extend to very large values because of the relatively long decay time of b-hadrons, the variables d ± are taken to be equal to the logarithm of (1 + x 2 ± ) and their sign is taken to be the same as x ± . For events with no spectator track candidate, that is, with no additional tracks compatible with the b-decay vertex, a fixed value of -4.0 is used for d ± . For D ( * ) π signal events, it is expected that no additional track is present at the b-decay vertex whereas for D ( * ) π + π − candidates, another track with a precisely defined charge correlation with the lepton, is expected. These properties have been used in the analysis in the following way. Selected events have been distributed into right-sign and wrong-sign candidates. Right wrong-sign combinations, it has been required that signal events behave as if there was another charged particle track, of sign opposite to the π * * and of trajectory compatible with the b-decay vertex position.
Probability distributions for each of these nine (seven for 1992-1993 data as the vertex detector measured only Rφ coordinates) variables, have been obtained using the simulation for signal and background events. The agreement in the shape of the distributions of these variables for real and simulated events is illustrated in Figure 2 -left in which the χ 2 probability distributions for secondary vertices for events selected in the sidebands of the signal have been compared. This distribution was selected as it is sensitive to possible differences between real and simulated events.
The probabilities P signal and P backg. have been obtained by multiplying the probability of each discriminating variable and a global discriminant R has been defined as:
in which events corresponding to the two largest background sources, namely the combinatorial and the primary pion background components, have been used to determine the probabilities for background events. The distribution of the variable R is peaked at +1(-1) for signal (background) events (see Figure 3 ). In Figure 2 -right the distributions of this quantity for combinatorial background events selected in the sidebands of the D 0 signal for real and simulated events are compared. These distributions are in agreement but, to account for possible differences between real and simulated events and as the combinatorial background component is the largest of the background components for D 0 π and D + π final states, real events situated in the sidebands of the signal have been used, in the following, to determine also the shape of the R distribution for the combinatorial background component.
D * * production rates
Events corresponding to the D 0 → K − π + (π 0 ) decay channel have not been included in this study, as they are affected by a larger combinatorial background.
The R variable distributions, for the different D ( * ) decay channels, have been measured separately for right-and wrong-sign samples and for the two data-taking periods. A binned likelihood fit [30] has been performed 6 in order to measure the branching fraction in each channel. The fractions of signal and primary pion background events have been left free to vary in the fit whereas the fractions of the other components with a real D ( * ) have been fixed to values taken from external measurements. The discriminant variable distribution for combinatorial background events has been obtained from data using the sideband events. Distributions for the other background components have been taken from the simulation.
Fractions which have been kept fixed in the fit have then been varied, in turn, according to their expected overall accuracy and the fit repeated to estimate the corresponding systematic errors. The fitting procedure has been verified on simulated events (see the last column of Tables 5-6 ).
The simulation of cascade events comprises b → D − s DX events only. Corrections have therefore been applied to the rate and the topology of these events to account for the missing decay modes. Present measurements from ALEPH [31] and BaBar [32] on double charm decays of b-hadrons have been used, together with results on c-hadron inclusive and exclusive semileptonic decays from [21] , to determine these corrections. They depend on the topology of the studied channel. For each channel, the correction factor on the branching fraction and the probabilities to have no track of same (P(0) ss ) or opposite-sign (P(0) os ) as the lepton have been evaluated (see Table 4 ).
Channel
Expected rate (%) corr. factor Measured branching fractions are summarized in Tables 5 and 6 respectively for rightand wrong-sign candidates.
The following contributions to the systematic uncertainties have been considered:
• uncertainties related to the values of external parameters, such as R b , and the different branching fractions of charmed hadrons into the reconstructed final states. The values used in the present analysis, taken from [21] , are given in Table 7 ;
Right sign candidates number of branching number of events Channel fitted events • detector-dependent uncertainties such as those on the tracking efficiency, on the lepton identification efficiency and on the correction of differences between real and simulated events relative to the fake lepton rate; • differences between real and simulated events on track reconstruction accuracy.
Distributions of the discriminant variable for signal-like events, obtained in real and simulated events, have also been compared using
These events have been analysed using the same criteria as those applied to D * * → D 0 π + candidates. A discriminant variable (R * ) is constructed using the same input quantities as for the R variable, apart from d ± whose effects have been evaluated separately. Possible differences between real and simulated events affecting track offset measurements, decay length reconstruction and χ 2 probability of secondary vertices, in the case of a signal, can then be studied. Distributions of the R * variable obtained using 461 reconstructed D * + in real data and 4100 in simulated events are compared in Figure 4 . The two distributions agree within the statistical uncertainties. A possible difference in the shape of these distributions has been parametrized assuming a linear variation with the value of R * . The fitted slope is equal to −0.01 ± 0.08. In the following, the effect of a variation on the shape of the discriminant variable distribution, induced by a linear correction of slope equal to ±0.1, has been evaluated;
• corrections of the cascade decay rate applied to simulated events have been evaluated with a 30% relative uncertainty (see Table 4 ). This variation is larger than most of the uncertainties attached to the correction applied to each channel and covers the dispersion of the values of these corrections. Variations in the cascade rates have been applied in a correlated manner to all channels when this was relevant. Effects from possible differences between real and simulated events for the d ± distributions have been evaluated in [29] by studying the decay channel b → D * + Xℓ − ν ℓ . The probability to have no additional track, for signal events in which there is in reality no other track coming from the b-vertex, is of the order of 80% and we have taken a 5% relative error. For events, in which there is at least one such track produced at the secondary vertex, the probability to miss it is estimated to be (20 ± 10%). For events selected in the δm region, situated above the D * + signal, in real and simulated events, the probabilities for having no spectator track are of the order of 34% and differ by (2.5 ± 1.5)%.
The uncertainty related to the finite statistics of simulated events has been included in the statistical uncertainty of fitted signal event numbers. parameter central value or hypothesis and uncertainty
1.542 ± 0.016 ps Table 7 : Values for the external parameters used in the analysis [21] .
A summary of these contributions is given in Table 8 . 
in data (points with error bars) and in simulated hadronic Z decays (histogram).
Measured branching fractions, for right-sign events, are summarized in Table 9 , where they are compared with similar results obtained in other experiments. The present analysis supersedes the previous DELPHI analysis [25] , in terms of statistical accuracy, as more information has been used to separate signal and background events, and systematics. All experimental results are compatible.
There is no significant excess of events in wrong-sign combinations. Measurements of the D 0 π − and D + π + channels can be averaged, independently of the isospin of the ππ system, as the same number of events is expected in the two channels giving:
The values corresponding to 90% C.L. upper limits are equal to, respectively, 0.18 % and 0.13 %. Table 9 :
Comparison between measured production rates (in 10
Study of the D * * hadronic mass distribution
In order to study the mass distribution of right sign events, corresponding to the D * * signal, the cut R > 0.25 has been applied on the discriminant variable to reduce the contribution from background events. This cut corresponds to a selection efficiency which varies between 67% and 85% for signal events, depending on the channel and on the data sample.
A maximum likelihood fit has been performed using the
) and the R variables, introducing the following components and parameters: 
corresponding to a possible non-resonant contribution; • s N R : the slope of an assumed mass distribution for the non-resonant component which is taken to be exponentially decreasing from threshold; • b ππ = BR(D * * → Dππ) which is assumed to be independent of any particular D * * state.
Constraints from external measurements of the production rate and mass distribution for narrow states have been applied [33] : The following decay channels have been considered: [34] has been used for the decay probability into D * π channels; • the possible non-resonant component is expected to decay into Dπ only as, for the D * π channel, there is no contribution from the D * or B * poles which are expected to play the main role in non-resonant production [24] .
As this analysis is based on the reconstruction of charged particles, decay channels with neutrals appear at a lower mass than the genuine decaying D )) and each data set (2), corresponding to twelve histograms in total, the observed number of events in each bin has been compared with the expectations assuming a Poisson distribution with average corresponding to the sum of the expected number of signal and background events.
Two-dimensional distributions for the expected number of signal and background events have been constructed from the product of one-dimensional ∆ m and R distributions.
For background events, the ∆ m distributions have been taken from simulation after verifying that their shape agreed with those measured with real data events selected in the sidebands (see Figure 5) . A fit of these distributions, using the parametrization given by the following expression:
has been performed and the fitted distribution has been used to determine the expected average background in each bin. The R distribution corresponds to the one resulting from the fit of the different background components done in Section 3.3. The normalisation of background events has also been obtained from these fits. The ∆ m distributions for signal events have been obtained by summing all components whose contribution is expected in the various channels. Breit-Wigner distributions have been used for each resonant state (i): 
In this expression, m is equal to m(D ( * ) ) + ∆ m + shif t j with shif t j parametrizing the possible displacement due to loss of neutrals in the D * decay, depending on the channel j of interest. The width, Γ ij , receives contributions from both the natural width of the physical state Γ i and from the experimental resolution. Expected variations of Γ i , as a function of the mass (m) and of the angular momentum in the decay have been taken into account. Finally, N i is the normalisation factor for the integral of BW (∆ m ) over the accessible mass range to be unity.
For the non-resonant Dπ component, a normalized exponential distribution has been used:
This distribution is maximum for low values of ∆ m . Such a behaviour is expected when considering that the non-resonant Dπ component is induced by the D * and B * poles, using chiral dynamics [24] . Using the same model, in the D * π decay channel, the nonresonant contribution is expected to be small, as the D * and B * poles are not effective in this channel, and it has been neglected.
The R distribution for signal events is taken from the simulation.
Results on production characteristics of D * * states
Results of the fit are given in Table 10 . The corresponding ∆ m mass distributions are shown in Figure 6 and the fitted D * * mass distribution, comprising all components, is given in Figure 7 .
Among the fitted parameters, three sets can be considered:
• quantities corresponding to significant measurements in the present analysis: the production rate, mass and width of the broad D * 1 state; • quantities introduced to parametrize components which are possibly contributing in the hadronic final state, but for which the present statistics do not allow a significant measurement. These components have been introduced as they can correspond to different measured D ( * ) π mass distributions. For instance it is not equivalent to consider a measured Dπ mass as originating from the non-resonant component or from a Dππ decay. These parameters are the D * 0 production rate and width and the two quantities describing the possible non-resonant component;
• quantities constrained by external measurements, in the fit, such as the production fractions of narrow D 1 and D * 2 states.
In addition, two parameters (m D * 0 and b ππ ) have been kept fixed in the fit and then varied within a specified range to evaluate their contribution to systematic uncertainties. In the following some remarks on these results are made. 
The non-resonant component
The fitted rate of the non-resonant component is compatible with zero and this is in agreement with expectations. The contribution from the D * pole to the non-resonant Dπ component can be evaluated knowing the total branching fraction for the decay B 0 d → D * + ℓ − ν ℓ , the minimal value used for ∆ m to select the events and the value of the D * width in the hypothesis that the mass is distributed according to a Breit-Wigner:
corresponding to a minimum D 0 π + mass situated at 10 widths from the pole. For
, there is a natural cutoff corresponding to the sum of the D + and π − masses and the value becomes 0.05%. The contribution from the B * pole can be also included in a controlled way by considering that the slow pion emission, by mesons containing a heavy quark, is governed by a universal parameterĝ whose value is fixed by the measured D * width [37] :
where f π is the pion decay constant and p π is the momentum in the D * rest frame. The interference term between the D * and B * pole contributions is also fixed and, using the values given above, this gives: − ν ℓ ) between 0.1 and 0.8%, the non-resonant contribution changes between +0.02% and −0.09% assuming that the interference has a negative sign below the D * 0 pole. The corresponding variation becomes +0.1% to +0.2% for the other sign.
Total D * * production rate
Summing all fitted components, the total rate for D * * production amounts to:
Systematic uncertainties
In addition to those considered in Table 8 , systematic uncertainties have been evaluated for the following effects:
• the b ππ branching fraction has been varied within the range (20 ± 15)%. The central value corresponds to an estimate obtained by comparing the phase-space integrals for the D * π and Dρ decay modes of a D * * state. This variation is also in agreement with the value obtained in data for this parameter when it is left free to vary in the fit: (19 ± 13)%;
• the central value of the D * 0 mass, m D * 0 , which is kept fixed during the fit has been varied between 2.3 and 2.5 GeV/c 2 ; • parameters used to define the shape of the combinatorial background distributions in ∆ m (see Equation (9)) have been varied. The value of α has been changed between 0.3 and 0.7 and the degree of the polynomial function was also taken as 3 or 5 ; • the contribution from B 0 s semileptonic decays, which have been modelled similarly to the non-strange b-mesons. Properties of narrow D * * s states published in [21] have been used. For broad states it has been assumed that their masses were displaced, relative to the corresponding non-strange states by the same amount as for narrow states. ∆ m mass distributions for D ( * ) K + final states have also been evaluated by considering that the K + was reconstructed as a π + . For excited charm states produced in semileptonic decays of the Λ 0 b , no simulation has been used, considering the lack of information on such decays. It has been assumed that the contribution from these final states was about 50% of the variation observed when B 0 s decays are introduced. An uncertainty corresponding to twice this variation has been used to account for B 0 s and Λ 0 b contributions; • considering the recent result from the BELLE collaboration which has measured a larger width for D * 2 mesons [36] than quoted in [21] , the effect of changing this value from 20 to 40 MeV/c 2 has been evaluated.
Individual contributions from these sources of systematics have been listed when evaluating moments of the hadronic mass distribution. It has also been verified that possible additional systematic sources such as:
-the relative branching fraction of D * 2 mesons into D * π which has been varied according to the expected value: 0.29 ± 0.07 [34] ; -the expected mass reconstruction accuracy which has been varied by 30% have negligible effects on hadronic mass moments. Uncertainties related to the control of the shape of the discriminant variable distribution have a small effect (4%) on the measured D * * production rate and negligible contributions to hadronic mass moments.
Moments of the hadronic mass distribution in bhadron semileptonic decays
Moments of the D * * mass distribution can be evaluated from the results of the fit discussed above. Results are given in Table 11 . Statistical uncertainties have been obtained by propagating those on fitted parameters, using their full covariance matrix. Systematics are dominated by the uncertainty on the possible contribution from Dππ decays and could be reduced in future when experimental results on this decay channel become available.
In determining the moments of the complete hadronic mass distribution in b-hadron semileptonic decays, b → D and D * ℓ − ν ℓ channels have been included. For the first channel, values of branching fractions given in [21] , have been used. As B 0 d and B
− are expected to have the same partial decay width into the Dℓ − ν ℓ channel, we get: For the second channel, the value given in [38] at the time of the Winter 2003 conferences has been used:
The inclusive semileptonic branching fraction (BR(B 0 d → cℓ − ν ℓ )) has also been included as a constraint:
This last value has been obtained using the average values determined at LEP for the quantities entering into Equation (16) , which are given in Tables 7 and 18 . As the inclusive semileptonic branching fraction is the sum of the D, D * and D * * contributions, the expected rate for D * * production can be derived from these values:
This is in agreement with the rate measured directly as given in Equation (13). Moments of the hadronic mass distribution have then been derived as:
where
. The value of p D * * has been obtained by imposing the con-
and including the measurement of the D * * production rate as given in Equation (13) .
Results, following the notations in Equation (3), are given in Tables 12 and 13 . Systematic uncertainties related to measurements of the branching fractions in Equations (14, 16) are also given in Tables 12 and 13 .
Effects induced by the variation of the analysis efficiency versus the mass of D * * states have been evaluated to correspond to an increase of 0.7, 1.5 and 2.5% for M 5 Moments of the lepton energy distribution in bhadron semileptonic decays
Inclusive reconstruction of b-hadron semileptonic decays
Selected events have been divided into two hemispheres using the thrust axis. The secondary hadronic system accompanying the lepton in the semileptonic decay has been reconstructed using an iterative procedure applied to the particles belonging to the same hemisphere as the tagged lepton.
Charged particles, belonging to the hemisphere of the candidate lepton, with p > 0.7 GeV/c, and with at least one associated hit in the Vertex Detector and positive impact parameter with respect to the primary vertex have been considered. These have been sorted in decreasing order of their probability of being B decay products based on their impact parameter significance and considering the particle that crosses the jet direction the furthest away from the primary vertex, or, when the crossing is not well-defined, the most energetic particle, to be the most likely B decay product.
The charged particles have been iteratively tested for forming a secondary vertex. The procedure has been iterated while the following conditions have been fulfilled: invariant mass below 2.9 GeV/c 2 , distance from the primary vertex less than 3 cm but at least 2.8 times the uncertainty and on the positive side, and ∆χ 2 < 3 after inclusion of each particle in the seed vertex fit.
In those cases where no secondary vertex was found, single particles have been accepted when fulfilling one of the following criteria, in decreasing order of quality: a charged particle with p > 3 GeV/c having a crossing point with the jet axis at least 1σ downstream from the primary vertex and also downstream from the lepton candidate crossing point, but less than 15 cm from the primary vertex; a charged particle with p > 3 GeV/c with the largest impact parameter significance and positive impact parameter sign; the most energetic charged particle within 0.6 rad of the jet axis.
The remaining charged particles in the hemisphere of the lepton with p > 0.5 GeV/c and at least one vertex detector hit not yet associated with the secondary vertex are then considered. Each of them is tested to belong to the vertex, and the one with the smallest χ 2 contribution and giving a vertex mass closest to the D mass is included in the vertex, and all the remaining particles are then tested against this new vertex. This process is continued until the remaining particles have large contributions to the vertex χ 2 and increase the mass difference between the vertex and the D mass.
To improve the purity of the vertex, each of the particles associated with it is reconsidered, if there are more than two particles in the vertex, the χ 2 /n.d.f of the vertex exceeds 2 and the mass of the vertex is more than the D mass. If removing a particle from the vertex improves the χ 2 /n.d.f and the mass after the removal is closer to the D mass, the particle is permanently removed from the vertex. The average charged multiplicity of the vertices is 2.9. As the last stage, identified K 0 s s within 0.8 rad and π 0 s within 1 rad of the lepton direction have been tested for association based on their energy, rapidity and contribution to the vertex mass.
On average, 78% of the particles associated with the vertex were true D decay products, and 74% of the decay products were correctly associated with the vertex. The mass distribution of the reconstructed vertex is shown in Figure 8 .
The hadronic energy is obtained from the energy of the reconstructed secondary vertex, corrected with a linear function of the reconstructed vertex mass, when the reconstructed mass is below the D 0 meson mass. The direction of the hadronic system is taken from the momentum sum of the particles included in the vertex.
For each decay, the energy of the B hadron has been estimated as the energy sum of the secondary hadronic system, the identified lepton and the neutrino energy.
The energy obtained in this way was corrected by a function of the reconstructed hadronic energy, determined from simulation, with the maximum correction being ±6 GeV. The neutrino energy was computed from the missing energy and momentum in both hemispheres corrected by a function of the missing mass in the event, determined from simulation. The resolution of the neutrino energy in B → Xℓν ℓ decays was estimated to be ±2.9 GeV. Neutrino energies larger than 1 GeV were required.
The resulting resolution of the B energy was found to be 12% for 80% of all inclusive semileptonic B decays and 24% for the remaining decays. The resolution on the missing energy and on the reconstructed B hadron energy estimated with simulation for signal B → X c ℓν ℓ events are shown in Figure 9 .
The direction of the momentum vector of the reconstructed Xℓν ℓ system was adjusted by up to ±30 mrad with respect to the lepton direction using a function of the reconstructed B mass. Another estimate for the B hadron direction was obtained from the B line of flight reconstructed from the position of the vertex formed by the lepton with the identified charm charged decay products. An estimator, which combines these two independent measurements according to their expected resolutions as a function of the reconstructed energies and the decay distance respectively, was defined. Resolutions of 14(15) mrad have been achieved in φ (θ) for 60% of all inclusive semileptonic B decays and 40 mrad for the remaining decays.
The identified lepton was then boosted back to the reconstructed B rest frame and its energy E * ℓ computed in this frame. This resulted in an average resolution of 170 MeV on E * ℓ for 82% of all inclusive semileptonic B decays and 510 MeV for the remaining decays.
Signal separation from background sources
In the reduction of the b → c → ℓ and other backgrounds it is essential to avoid biases of the lepton energy spectrum. The separation was therefore performed using two discriminating variables, one based on the topology of the event and the other on charge correlations between the lepton and the other particles in the event, which are not sensitive to the lepton energy.
The topological variable uses information on the lepton impact parameter with respect to the reconstructed secondary vertex, the topology of the tracks other than the lepton in the hemisphere, the number of particles not associated with the vertex in the hemisphere, the number of particles in the vertex and the χ 2 of the vertex. The charge variable consists of a probability built from the correlation of the charge of the lepton and those of the reconstructed secondary vertex, of other vertices in the same and opposite hemispheres, of the jet charge of the opposite hemisphere and of the leading kaon candidate. The kaon candidate was identified based on kaon neural network output from the MACRIB package [39] . Two-dimensional distributions are shown in A further rejection of background is obtained by requiring a minimum value for the reconstructed B mass. In Figure 11 the distribution of the B mass is shown in data and simulation, for signal and background events. A B mass larger than 3.9 GeV/c 2 was required. A final sample of 14364 leptons was selected, with a purity in B → X c ℓν ℓ decays of 81%. Figure 12 shows the lepton spectrum, after VSep and B mass cuts, and the corresponding efficiencies as a function of E * ℓ . A lepton sample, depleted in signal by using an anti-cut on VSep is also shown, as a check of the shape of the simulated backgrounds with the data.
Study of the lepton energy distribution
The original lepton spectrum has been extracted from the reconstructed distribution by a spectrum re-weighting technique. This consisted of determining the resolution matrix relating the generated to the reconstructed spectrum for simulated signal events. Using this matrix, the coefficients of a re-weighting function for the generated spectrum have been fitted to minimize the χ 2 between the resulting spectrum and that observed in the data. The efficiency correction has been taken into account at this stage. The procedure has been carefully tested on lepton spectra generated for different values of the m b and µ 2 π parameters and smeared according to the resolution matrix.
In order to increase the statistics in the signal description, the sample of simulated bb events (see Table 1 ) has also been used in the construction of the resolution matrix.
A regularized unfolding method [40] has also been applied as a cross-check, but the re-weighting method has been preferred for its simplicity.
Results on lepton spectra
The resulting lepton spectrum is shown in Figure 13 . The statistical correlation matrix for these three moments is given in Appendix B.
In order to relate the measured moments to those computed for a B meson, some corrections need to be applied.
Firstly the effect of radiation needs to be corrected for. This was done using correction factors computed separately for electrons and muons following ref. [41] and gives a shift of +7.0 MeV, -0.2 ×10 −3 GeV 2 and -0.7×10 −3 GeV 3 on the first, second and third moments, respectively. Half of these shifts have been used as an estimation of the systematic uncertainty on this correction. Since e + e − → bb events at LEP result in the production of an admixture of b-hadron species, a correction factor accounting for the bias due to the semileptonic decays of the heavier b-hadrons was applied, using the fraction of B 0 s and of b-baryon left in the selected sample according to the simulation prediction. The uncertainty in the prediction is considered in the systematic uncertainty evaluation. Finally, the presence of b → X u ℓν ℓ decays results in a similar bias of the lepton spectrum toward higher energies, due to the larger phase space of this decay compared to b → X c ℓν ℓ . This was also corrected for. Results, after corrections, are given in Table 14 .
Several sources of systematic uncertainties have been investigated and the results are summarized in Table 14 . The sources related to the modelling used in the simulation are: the fractions of the different D species in the decays, the different B species and the b fragmentation function. For the central value of the moments the same branching fractions for B → D, D * , D * * as in Section 4, the b-hadron fractions from reference [21] and the results of reference [42] for the b-hadron fragmentation distribution have been used, respectively. The variations quoted therein have been used for evaluating the systematic uncertainties reported in Table 14 .
The uncertainty related to the background modelling has been evaluated by changing the simulation prediction for the cascade decays within the uncertainties of the branching ratios given in [21] and changing the misidentification efficiency according to Sections 2.2 and 2.3. It has also been checked by comparing the results obtained by using the background shape as extracted from the anti-tagged data with that using the prediction from the simulation.
The uncertainty due to the B reconstruction accounts for variations in the B reconstructed energy and direction.
The uncertainty related to the unfolding procedure was evaluated by varying the reweighting function used in the fit and the binning.
The stability of the results with respect to changes in the selection cut applied on the VSep variable and reconstructed B mass have been checked. Changes of the VSep cut inducing variations of the accepted statistics up to a factor of 1.5 and of the signal purity over a range from 76% to 89% have been considered and found to give results stable within their statistical uncertainty. The minimum value of the B mass required has been moved between 2 and 5 GeV, with a corresponding change of purity between 71% and 86%. The maximum variation with respect to the central value has been used as an estimation of the systematic uncertainty in the agreement between data and simulation on the B mass reconstruction.
Results obtained separately on the electron sample and the muon sample have been compared. The difference in the first moments amounts to 20±13±3 MeV, where the first uncertainty is statistical and the second is the uncorrelated systematic uncertainty on the background subtraction. The difference expected from simulation is 7 MeV. The differences on the second and third moments are fully compatible with the statistical uncertainty. Tables 12 and 13 ) has been performed, using two theoretical frameworks. In the fit we also impose additional constraints derived from independent determinations. We follow the framework presented in [7] , updated with the new results discussed above, and using recent calculations given in [43] . Parallel fits have also been performed by other groups using several frameworks [44] .
Interpretation of the results
In the kinetic mass scheme, we fit the full set of parameters:
Expressions relating moments and these parameters can be found in [7] . We impose µ 2 G =0.35±0.07 GeV 2 and ρ 3 LS =-0.15±0.10 GeV 3 [43] . Two mass constraints have also been applied: m b (1 GeV)=4.61±0.17 GeV/c 2 and m c (1 GeV)=1.14±0.10 GeV/c 2 as derived from the values quoted in [45] , which were given using a different renormalization scheme. Results are obtained for α s (m b ) = 0.22 ± 0.04 8 and are shown in Table 15 . In order to study the effect of the bounds on m b,c introduced, the fit has been repeated without these constraints. Results are shown in Table 16 . Theoretical uncertainties have been evaluated following the procedure explained in [43] ; namely 20% (30%) errors have been assumed for terms corresponding to 1/m The central values of the heavy quark masses are in agreement with independent determinations [46, 47] . The difference between the values of the two heavy quark masses, which are highly correlated, is m b (1 GeV) − m c (1 GeV)= 3.422 ± 0.034 ± 0.028 GeV/c 2 (3.382 ± 0.051 ± 0.087 GeV/c 2 if no constraint on the quark masses is imposed). In the approach based on pole masses [48] , the fit extractsΛ, λ 1 , λ 2 , ρ 1 and ρ 2 . We fix Up to first order corrections in α s , parameters corresponding to non-perturbative QCD corrections, entering in the two approaches, are related:
The parameter Λ enters in the expression relating heavy quark and heavy meson masses, which, for pseudo-scalar mesons reads:
where ρ In Tables 15 and 17 , the first column of systematic uncertainties corresponds to systematics on moments; correlated errors between the different moments have been included in the fit. The second column is due to systematics from theory. For the kinetic mass formalism we propagate the uncertainty on α s and follow the suggestions of [43] to account for missing corrections. 
Implications for |V cb |
The value of |V cb | obtained from the total semileptonic decay width depends on the OPE parameters extracted above. We discuss now the implications of our results for |V cb |, using the input parameters given in Table 18 , which correspond to measurements obtained at LEP.
The determination of |V cb | and the contributions of the various parameters in the kinetic mass scheme are described in [8] . This approach has been preferred to the pole [2] 9 , it gives:
|V cb | = 0.0421 × (1 ± 0.014 meas. ± 0.014 f it ± 0.015 th. ) ,
where the first uncertainty reflects the accuracy on the semileptonic width determination. This experimental uncertainty, corresponding to LEP-alone results, can be reduced to ±1% by including recent measurements obtained at B-factories which gave [38] : BR(b → Xℓ − ν ℓ ) = (10.73 ± 0.28)%, in agreement with the LEP measurement and having a similar accuracy. The second uncertainty, given in Equation (21) , corresponds to uncertainties from the fit of the parameters, obtained in Table 15 and not including the theoretical uncertainties given in the last column. The third uncertainty has been taken from the result given in [2] .
Conclusions
Production characteristics of D * * mesons in b-hadron semileptonic decays have been studied using exclusively reconstructed decay channels.
The total production fraction has been measured to be:
Decay final states are dominated by the D ( * ) π channel and no-evidence for a signal in channels with two pions has been obtained: Broad Dπ final states favour a production which is maximum close to threshold, as is expected from non-resonant production, but the present statistics do not allow this feature to be firmly established. Moments of the lepton energy spectrum in semileptonic B decays have also been measured as:
< E * ℓ > = 1.3782 ± 0.0073 ± 0.0092 GeV < (E * ℓ − < E * ℓ >) 2 > = 0.1838 ± 0.0058 ± 0.0055 GeV 
